Allelopathic chemicals released by plants into the rhizosphere have effects on neighboring plants ranging from phytoxicity to inducing organogenesis. The allelopathic activity of naturally occurring quinones and phenols is primarily a function of reactive radicals generated during redox cycling between quinone and hydroquinone states. We isolated cDNAs encoding two distinct quinone oxidoreductases from roots of the parasitic plant Triphysaria treated with the allelopathic quinone 2,6-dimethoxybenzoquinone (DMBQ). TvQR1 is a member of the z-crystallin quinone oxidoreductase family that catalyzes one-electron quinone reductions, generating free radical semiquinones. TvQR2 belongs to a family of detoxifying quinone oxidoreductases that catalyze bivalent redox reactions which avoid the radical intermediate. TvQR1 and TvQR2 message levels are rapidly upregulated in Triphysaria roots as a primary response to treatment with various allelopathic quinones. Inhibition of quinone oxidoreductase enzymatic activity with dicumarol prior to quinone treatment resulted in increased transcript levels. While TvQR2 homologs were upregulated by DMBQ in roots of all plants examined, TvQR1 homologs were upregulated only in roots of parasitic plants. Phylogenetic trees constructed of TvQR1 and TvQR2 protein homologs in Archea, Eubacteria and Eukaryotes indicated that both gene families are ancient, yet the families have dissimilar evolutionary histories in angiosperms. We hypothesize that TvQR2-like proteins function to detoxify allelopathic quinones in the rhizosphere, while TvQR1 has speci®c functions associated with haustorium development in parasitic plants.
Introduction
Plants release chemicals from their roots which affect the growth and development of neighboring plants. Quinones and related phenols are among the most frequently described class of subterranean allelochemicals (Inderjit et al., 1995) . Allelopathic quinones can have either detrimental or bene®cial effects on the recipient plants. Understanding how plants synthesize, release, transform, identify and respond to these molecules will further our appreciation of plant±plant interactions, and may suggest strategies for optimizing vegetation management in agricultural systems.
Parasitic species in the Scrophulariaceae use quinones that are released by neighboring plant roots to initiate the development of haustoria, parasite-speci®c invasive organs critical for heterotrophic growth (Riopel and Timko, 1995) . Haustoria, which look like swollen bumps on the roots of parasitic plants, typically develop only in the presence of potential host plants. Haustoria can be induced and monitored in vitro by adding host root exudates to roots of parasitic Scrophulariaceae (Riopel and Musselman, 1979) . The ®rst morphological changes associated with early haustorium development can be observed under a dissecting microscope within hours of exposure, and include a cessation of root elongation, a swelling of cortical cells near the root tip, and a proliferation of overlying epidermal cells into root hairs (Baird and The Plant Journal (2001) Riopel, 1984) . The rapidity, synchrony and reproducibility of haustorium formation in response to factors released from host roots is one of the most obvious and experimentally accessible manifestations of organogenesis induced by chemical signals exchanged between plants.
Fractionation of sorghum root washes identi®ed 2,6 dimethoxybenzoquinone (DMBQ) as an active haustoriuminducing factor for the parasitic plant Striga (Chang and Lynn, 1986) . DMBQ is a common constituent of plant cell walls and has been identi®ed in at least 27 families of plants (Handa et al., 1983) . DMBQ and related phenolics are released into the rhizosphere as a component of root exudates and as by-products of lignin degradation (Siqueira et al., 1991; Thomson, 1987) . DMBQ can also be generated through enzymatic oxidation of phenolic acids (Kim et al., 1998) . DMBQ was originally characterized as a mammalian cell cytotoxin and studied for its potential as a plant-derived antitumor agent (Handa et al., 1983; Jones et al., 1981) . DMBQ was subsequently recognized as a microbial antibiotic, an antiplatelet aggregation factor, and a DNA-damaging mutagen (Brambilla et al., 1988; Kodaira et al., 1983; Nishina et al., 1991) . Therefore DMBQ is an allelochemical that both inhibits growth and stimulates organogenesis.
The poisoning of soil by walnut trees has been recognized for hundreds of years, the earliest report apparently being that of Theophrastus in his treatise Enquiry into Plants around 300 BC (Rizvi and Rizvi, 1992) . Roots of walnut trees synthesize and secrete the relatively harmless molecule 1,4,5-hydroxynaphthalene (hydrojuglone). Hydrojuglone converts to 5-hydroxy-1,4,naphthoquinone (juglone) when exposed to oxygen in the soil (Lee and Campbell, 1969) . Juglone is a highly toxic naphthoquinone that inhibits the germination and growth of neighboring plants (Gries, 1942) . Juglone is also a potent animal cytotoxin well studied for its potential as an anticancer agent (O'Brien, 1991) . Another allelopathic quinone that functions as a phytotoxic agent is 6-methyl-1,3,8-trihydroxyanthraquinone (emodin). Emodin is released from roots of the noxious weed Polygonum sachalinense (giant knotweed) and has been proposed to account for its success as an aggressive colonizer (Nishimura and Mizutani, 1995) .
The toxicity of quinones is, in large part, a consequence of reactive oxygen intermediates formed during redox cycling between oxidized quinones and reduced phenols (O'Brien, 1991) . Semiquinone radicals readily donate electrons to molecular oxygen forming superoxide anions (O 2´± ) (Testa, 1995) . Superoxides are rapidly dismutated by superoxide dismutase to form hydrogen peroxide (H 2 O 2 ), a common product of plant±pathogen interactions (Mehdy, 1994) . Hydrogen peroxide can undergo the Fenton reaction to form hydroxyl radicals (OH´) or protonate to hydroperoxyl radicals (HO 2´) (Hammondkosack and Jones, 1996) . In either case, the products of quinone redox cycling are enormously destructive to membranes, proteins and DNA.
Haustorium induction in parasitic plants also requires redox cycling of the inducing quinone (Smith et al., 1996) . The evaluation of structurally distinct quinones for their ability to induce Striga haustoria demonstrated that only those with redox potentials within a relatively narrow window were active (Smith et al., 1996) . While certain phenolic acids and¯avonoids also induce early haustorium development, they need to be oxidized to the sister quinones before they become active (Kim et al., 1998) . Studies with speci®c inhibitors of DMBQ, such as tetrauorobenzoquinone and cyclopropyl-p-benzoquinone, implicated one-electron redox cycling between quinone and semiquinone states as critical for induction . Hence haustorium development is dependent on redox cycling between oxidized and reduced forms of the inducer.
The important role of redox transformations in allelopathic and other subterranean interactions has been emphasized previously (Appel, 1993) . To begin to understand how plants transform and moderate redox states of allelopathic quinones in the rhizosphere, we are investigating how roots of the parasitic plant Triphysaria respond to quinone exposure. Triphysaria is a parasitic member of the Scrophulariaceae that grows as an annual wild¯ower throughout the Paci®c Coast of North America (Chuang and Heckard, 1991; Hickman, 1993) . Triphysaria is a facultative parasite that parasitizes a wide range of host plants, including Arabidopsis, maize and tobacco . DMBQ induces haustoria in Triphysaria roots within a few hours after exposure, and we have assigned putative functions to over 100 Triphysaria root transcripts differentially abundant during this period (M. Matvienko, M. Torres and J.I. Yoder, unpublished results).
We show here that speci®c inhibitors of quinone oxidoreductases inhibit haustorium development in Triphysaria exposed to DMBQ. We evaluated two cDNAs that encode quinone oxidoreductases in Triphysaria for their roles in DMBQ perception and processing. TvQR1 is related to z-crystallins, a family of quinone oxidoreductases highly abundant in lens of hystricomorph rodents and camelids (De Block et al., 1987) . z-crystallins catalyze univalent quinone reductions in plants and animals (Mano et al., 2000; Rao et al., 1992) , and generate semiquinone radicals similar to those coupled to haustorium development. TvQR2 is related to oxidoreductases that catalyze divalent reductions and are thought to function in quinone detoxi®cation (Brock and Gold, 1996) . TvQR1 and TvQR2 message levels were differentially regulated in parasitic and non-parasitic plants exposed to DMBQ, suggesting that these genes ful®l distinct functions in plant roots.
Results

TvQR1 and TvQR2 are homologs of different quinone oxidoreductases
Two cDNAs encoding distinct quinone oxidoreductases were isolated from Triphysaria versicolor root tips exposed for 2±5 h to DMBQ. TvQR1 encoded a 329 amino acid protein with homology to proteins in the medium-chain dehydrogenases/reductases superfamily (Persson et al., 1994) . TvQR2 encoded a 205 amino acid protein in the same a + b (a/b) class of proteins but belonging to the¯avodoxin-related family (Murzin et al., 2000) . Homologous proteins to TvQR1 and TvQR2 were found in Eubacteria, Archea and Eukaryota. These protein families originated early in evolutionary history, presumably to protect organisms against free radical damage associated with aerobic environments (Testa, 1995) . Figure. 1(a,b) shows phylogenetic trees relating the proteins of TvQR1 and TvQR2, respectively, with homologous proteins in the public databases. Using the alignment parameters described under Experimental procedures, there were insuf®cient sequence similarities between TvQR1, TvQR2, the human DT-diaphorases (GI:118607, GI:1706420), and the Arabidopsis quinone reductase AtNQR (GI:5002232) to place them on the same phylogram (Jaiswal, 1991; Jaiswal et al., 1990; Sparla et al., 1999) .
TvQR1 is related to plant and animal z-crystallins
TvQR1 has 72% amino acid similarity to LEDI-4 (GI:5701738), a cDNA expressed in cell cultures of Figure 1 . Phylograms of representative quinone reductase genes in plants and animals. The GROWTREE program in GCG was used to construct phylogenetic trees of quinone oxidoreductases from assorted organisms. All sequences were obtained from the National Center for Biological Information except for the Medicago clone which was obtained from the Medicago Genome Initiative (Anon., 2000) . Both trees were developed using UPMGA with the Jukes±Cantor distance correction. Similar results were obtained using the nearest neighbor algorithm. (a) Phylogram of proteins related to TvQR1; (b) phylogram of proteins related to TvQR2.
Lithospermum erythrorhizon. Cultures of L. erythrorhizon are of interest because they produce shikonin, a naphthoquinone with human pharmaceutical applications (Okamoto et al., 1995) . Together with a predicted protein on chromosome 4 of Arabidopsis, these homologs de®ne a small clade in which at least two of the members, TvQR1 and LEDI-4, are transcriptionally activated in roots in response to environmental signaling.
With »80% of the Arabidopsis genomic sequence annotated (TAIR, 2000), we identi®ed six protein homologs that have amino acid similarities to TvQR1 between 38 and 77%. One of these, P1-ZCr, has diamide oxidoreductase activity and confers diamide resistance to transgenic yeast Mano et al., 2000) ; the remaining ®ve are putative proteins predicted from genomic sequence. These six homologs, which are localized to at least three chromosomes, fall into ®ve distinct phylogenetic clades ( Figure 1a ). In some cases more homology is found between one of the Arabidopsis homologs and a bacterial or eukaryotic protein than between two different Arabidopsis homologs. For example, GI:4455266 is 62% similar to the Mycobacterium tuberculosis protein and 50% similar to that of humans. GI:8777492 is 49% similar to the homologous Streptomyces lividans protein. The two Arabidopsis homologs are, however, only 39% similar. These results suggest a polyphyletic origin of this quinone oxidoreductase family in plants.
The best characterized TvQR1 homologs are the Escherichia coli QOR1 protein, whose crystal structure has been determined (Thorn et al., 1995) , and the zcrystallins (Rao et al., 1992) . The amino acid alignment of TvQR1 with the z-crystallin of guinea pig (Cavia porcellus) and QOR1 is shown in Figure 2 (Thompson et al., 1994) was used to align protein sequences with Triphysaria quinone reductase clones. Black boxed residues indicate identity; gray shaded letters, similar amino acids; dashes indicate gaps. (a) TvQR1 versus the z-crystallin of Cavia porcellus (GI:117549) (Rodokanaki et al., 1989) and QOR1 of E coli (GI:131763) (Thorn et al., 1995) . The PROSITE consensus sequence for quinone reductases is shown by a dot above the sequences. The NAD(P)H-binding domain is underlined. (b) TvQR2 versus the S. pombe obr1 (GI:400705) and E. coli wrbA (GI:2507538) gene products. The PROSITE consensus sequence for¯avodoxins is shown by a dot above the sequences. DT-diaphorase residues corresponding to the b7-a2-b3-a3 domains conserved in TvQR2, DTdiaphorase and Clostridium are shown about the diaphorase sequence (Smith et al., 1977) (Li et al., 1995) . DT-diaphorase residues represented by~have <20% homology with TvQR2 and were not aligned. lined in Figure 2 (a) (Edwards et al., 1996) . Overlapping the NADPH-binding site is the PROSITE consensus pattern for (Hofmann et al., 1999) . There is a ®ve amino acid insertion in the consensus motif of TvQR1 that alters the ®rst two amino acids of the consensus sequence in the T. versicolor enzyme. While the overall residue similarities between TvQR1 and either z-crystallin or QOR1 are not extensive (43 and 37%, respectively), it has been shown that the secondary structures of z-crystallin and QOR1 proteins are more extensively conserved than predicted from primary amino acid sequence comparisons (Edwards et al., 1996) .
TvQR2 is related to quinone detoxifying¯avoproteins
TvQR2 encodes a 205 amino acid protein. Position-speci®c iterative (PSI) BLAST searches uncovered homologies in the ®rst 115 amino acids with several bacterial¯avodoxins (Altschul et al., 1997) .
is conserved in TvQR2 except for the 10th position T (V in TvQR2) (Figure 2b ). Flavodoxins are small oxidoreductase proteins that tightly bind¯avine mononucleotides through a characteristic a/b open-sheet fold (Grandori and Carey, 1994) . FMN binding has been studied in DT-diaphorase, a human protein that catalyzes NAD(P)-dependent, twoelectron reductions of quinones, and protects cells against toxic free radicals (Prestera et al., 1993) . While there is less than 20% homology between TvQR2 and DT-diaphorase throughout most of the molecule, residues 57±105 in TvQR1 share »33% identity with the b7-a2-b3-a3 region of DT-diaphorase (Figure 2b ). This region is within the DTdiaphorase catalytic site and is characterized by twisted central parallel b sheets surrounded by a helixes (Li et al., 1995) . Figure 2 (b) also shows that TvQR2 has signi®cant homology across its entire open reading frame with the Schizosaccharomyces pombe obr1 gene product, one of several proteins that confer resistance to brefeldin A (Turi et al., 1994) . The TvQR2 homolog in Phanerochaete chrysosporium, a lignin-degrading fungus, catalyzes NADH-mediated quinone reduction and detoxi®es ligninderived quinones (Brock and Gold, 1996) . TvQR2 also shares 58% similarity with the E. coli tryptophan repressorbinding protein wrbA (Yang et al., 1993) . We expressed and puri®ed the TvQR2 protein in Pichia pastoris and showed that it catalyzes the NAD(P)H-dependent reduction of DMBQ and other allelopathic quinones (R. Wrobel, M. Matvienko and J.I. Yoder, unpublished results).
There are four Arabidopsis homologs to TvQR2 in the public databases. All plant TvQR2 homologs cluster to a single phylogenetic clade (Figure 1b) . The plant clade is distinct from that containing the fungal homologs, which suggests that in contrast to TvQR1, TvQR2 homologs have a monophyletic origin in plants. Triphysaria versicolor root tips were exposed to DMBQ for various periods before RNA was isolated. The lanes contain RNA from root tips exposed to DMBQ for 0, 0.5, 1, 5 and 24 h, as shown above the lanes. Northern blots were prepared and probed with TvQR1, TvQR2 and an unsequenced, constitutively expressed T. versicolor cDNA used as an RNA loading control.
Genomic hybridizations con®rmed that both Triphysaria quinone reductases were members of small gene families in plants. A genomic Southern blot was prepared from four parasitic Scrophulariaceae: T. versicolor, T. pusilla, T. eriantha and Castilleja sp.; and four non-parasitic Scrophulariaceae: Penstemon, Scrophularia, Mimulus and Lindenbergia spp. Multiple bands of varying hybridization strengths were observed in all species, con®rming the conservation of cross-hybridizing homologs in both parasitic and non-parasitic species (Figure 3) .
Upregulation of TvQR1 and TvQR2 RNA accumulation is a primary response in T. versicolor root tips exposed to DMBQ and other allelopathic quinones. Figure 4 shows the steady-state transcript levels of TvQR1 and TvQR2 in T. versicolor roots after different exposure times to DMBQ. Little or no hybridization was observed to TvQR1 or TvQR2 probes in the absence of DMBQ treatment. Within 30 min of treatment with DMBQ, both transcripts were readily detected on Northern blots (Figure 4, lane 2) . Steady-state levels reached a maximum 8±12 h after treatment and returned to non-induced levels by 24 h post-treatment (Figure 4 ; data not shown).
The protein synthesis inhibitor cycloheximide prevented haustorium development when applied to T. versicolor roots prior to DMBQ (data not shown). This was consistent with previous observations that new protein synthesis accompanies haustorium development in Striga (Stranger et al., 1995; Wolf and Timko, 1992) . Cycloheximide did not, however, inhibit TvQR1 or TvQR2 induction. Figure 5 shows that neither TvQR1 nor TvQR2 was induced by cycloheximide alone, but both were induced by DMBQ in the presence of cycloheximide. Steady-state levels were virtually identical after 30 min DMBQ exposure with or without cycloheximide treatment. As a control we probed the ®lters with a third Triphysaria transcript, TvPirin, also induced by DMBQ within 30 min (M. Matvienko and J.I. Yoder, unpublished results). Unlike TvQR1 and TvQR2, TvPirin induction was partially inhibited by cycloheximide ( Figure 5 ). From these results we conclude that regulation of TvQR1 and TvQR2 transcription was independent of de novo protein synthesis and a primary response to DMBQ exposure. Figure 6 shows that TvQR1 and TvQR2 were induced by other allelopathic quinones, but not necessarily to the Northern hybridizations were performed on RNA extracted from T. versicolor root tips exposed for 2 h to various quinones and probed with TvQR1, TvQR2 and TvBiP, as shown. (1) H 2 O mock-treated; (2) 0.1 mM juglone; (3) 10 mM juglone; (4) 10 mM menadione; (5) 10 mM dimethylbenzoquinone; (6) 10 mM DMBQ. Root tips represented in (7) were treated with 100 mM dicumarol and then 10 mM DMBQ; in (8) with 100 mM dicumarol alone. TvBIP message levels are not signi®cantly regulated by these treatments and probing with TvBIP serves as a loading control. same degree. Both TvQR1 and TvQR2 were upregulated by 2,6-dimethoxybenzoquinone, 2,6-dimethylbenzoquinone and, to a lesser degree, by menadione (Figure 6a ,b, lanes 5, 6 and 4). TvQR1, but not TvQR2, was strongly upregulated by juglone (lane 3). Of these four quinones, only DMBQ induced haustoria.
Quinone oxidoreductase message regulation is different in parasitic and non-parasitic species
At various times roots of three non-parasitic Scrophulariaceae were treated with DMBQ and isolated RNA: Lindenbergia muraria, the closest non-parasite to the parasitic clade of Scrophulariaceae (dePamphilis et al., 1997), Mimulus aurantiacus and Antirrhinum majus. Figure 7 (b±d) indicate where QR1 homologs were predicted to migrate if they were induced in these species. The presence of cross-hybridizing bands in Figure 7 (b±d) indicate that the hybridization conditions were suf®ciently low stringency to detect TvQR1 homologs. However, no transcripts in these three non-parasitic species changed in abundance in response to DMBQ. We conclude that TvQR1 is not regulated in roots of these non-parasitic Scrophulariaceae by DMBQ.
In contrast, TvQR2 homologs were induced in DMBQtreated roots of both parasitic and non-parasitic species. Figure 8 (a) shows a TvQR2 homolog is induced in Mimulus with a similar molecular weight and kinetics as in Triphysaria. TvQR2 was also induced in two additional parasitic species examined, Orobanche ramosa (Figure 8b ) and T. eriantha (Figure 8c ). Therefore TvQR2 homologs are induced by DMBQ in both parasitic and non-parasitic species.
Quinone oxidoreductase inhibitors reduce haustorium formation and increase TvQR1 and TvQR2 steady-state levels As seen in Figure 9 (a), the percentage of T. versicolor roots that develop haustoria was a function of DMBQ concentration. In this assay, T. versicolor rarely formed haustoria when mock-treated without DMBQ. The highest frequency of haustorium development was achieved with 10 mM DMBQ and was typically between 50 and 80% of T. versicolor root tips treated. DMBQ concentrations above 100 mM were toxic to T. versicolor root tips, which became brown and dead. Dicumarol and Cibacron blue are speci®c inhibitors of quinone oxidoreductases (Ernster et al., 1960; Prestera et al., 1992) . Dicumarol and Cibacron blue were applied to T. versicolor roots at the various concentrations shown in Figure 9 (b). Ten minutes later, 10 mM DMBQ was added to the roots and haustoria scored after 24 h. Dicumarol concentrations >1 mM inhibited haustorium formation, with half maximal inhibition achieved »10 mM dicumarol. We measured Triphysaria root growth before and after exposure to 10 mM dicumarol using a dissecting microscope, and did not observe growth inhibition by dicumarol (data not shown). Cibacron blue inhibited haustorium development less strikingly. In this case, half maximal rates of haustorium development were not achieved until exposure to 1 mM Cibacron blue.
RNA was isolated from T. versicolor roots exposed to 10 mM DMBQ with and without pre-treatment with 10 mM dicumarol. A subsequent Northern blot probed with TvQR1 and TvQR2 indicated that dicumarol treatment prior to DMBQ exposure resulted in higher transcript levels than treatment with DMBQ alone (Figure 6a,b, lane 7) . This suggested that the quinone oxidoreductase enzymes negatively regulate their own transcription. Treatment of T. versicolor roots with dicumarol alone did not induce transcription of either TvQR1 or TvQR2 (Figure 6a ,b, lane 8).
Discussion
Phenols and quinones are critical molecules for subterranean signaling between plants and other symbiotic or pathogenic organisms (Shirley, 1996; Siqueira et al., 1991) . Phenolics released by plant roots induce nodulation genes in Rhizobium (Maxwell and Phillips, 1990) ; act as chemo-attractants for soil pathogens (Morris et al., 1998) ; and function in mycorrhizal fungi associations (Harrison and Dixon, 1994) . Quinones are common secondary metabolites with important roles in energy production, host defense and electron transport (Thomson, 1987) . Quinones are also frequent mediators of allelopathic interactions between plants (Inderjit et al., 1995) . Various physical and enzymatic forces transform phenols to quinones and vice versa (Siqueira et al., 1991) . These electrochemical transformations account for much of their biological signi®cance in the rhizosphere (Appel, 1993) .
Quinones are widely used medically and their cytotoxicity mechanisms well documented (O'Brien, 1991) . While some toxicity results from the binding of quinones directly to nucleic acids, proteins, lipids or carbohydrates, more signi®cant are those mechanisms related to reactive oxygen intermediates. Semiquinone intermediates result from univalent quinone reductions catalyzed by several cellular enzymes (Testa, 1995) . Semiquinones readily donate electrons to oxygen, thereby generating superoxide anions. The superoxide anions subsequently generate hydroxyl and hydroperoxyl free radicals that inactivate enzymes, break DNA strands, and cause membrane lipid peroxidation (Smith, 1985) . Enzymatic mechanisms for detoxifying quinones and other electrophilic xenobiotics originated early in the Earth's life history in response to oxygen accumulation (Testa, 1995) . The carcinogen-detoxi®cation enzyme DT-diaphorase functions by reducing quinones to less toxic hydroquinones (Talalay et al., 1988) . DT-diaphorase and related enzymes catalyze two- step hydride transfers from NAD(P)H to enzyme-bound FMN (or FAD), and then from FMNH 2 (or FADH 2 ) to the quinone. Detoxifying quinone reductases thereby reduce quinones to hydroquinones without producing semiquinone radical intermediates (Li et al., 1995) .
TvQR2 is related to this class of oxidoreductases. Reiterative PSI BLAST searches uncovered homologies between TvQR2 and several¯avodoxins, small¯avin-binding proteins in bacteria. TvQR2 has extensive homology with an intracellular NAD(P)H-dependent, 1,4-benzoquinone reductase from the basidiomycete Phanerochaete chrysosporium (Akileswaran et al., 1999) . Phanerochaete chrysosporium is a wood-rotting fungus that degrades lignin, generating a variety of toxic electrophiles such as quinones and substituted quinones in the process. The P. chrysosporium quinone oxidoreductase functions to protect the fungus from oxidative stress by catalyzing divalent reductions of the toxic quinones (Brock and Gold, 1996; Brock et al., 1995) TvQR2 also shares homology with the S. pombe obr1 gene that confers enhanced resistance to brefeldin A (Turi et al., 1994) . Xenobiotic metabolizing enzymes tend to have low substrate speci®city and function on structurally diverse molecules (Testa, 1995) . We have expressed and puri®ed the TvQR2 protein in P. pastoris and shown that it catalyzes NAD(P)H-dependent reduction of DMBQ, juglone, and other quinones and naphthoquinones (R. Wrobel, M. Matvienko and J.I. Yoder, unpublished results).
Xenobiotic detoxi®cation enzymes tend to have low catalytic rates, a property compensated by the cells making abundant amounts of enzyme (Testa, 1995) . Consequently, xenobiotic metabolizing enzymes are frequently inducible by their substrates. The P. chrysosporium benzoquinone reductase is transcriptionally activated within a few hours by several aromatic compounds, including DMBQ (Akileswaran et al., 1999) . Transcript levels of TvQR1 were rapidly upregulated in Triphysaria roots following exposure to juglone, DMBQ and menadione; TvQR2 levels were regulated by DMBQ and menadione. Transcript induction occurred in the presence of cycloheximide, suggesting that the components needed for transcriptional activation pre-exist in the cell, and induction involves post-translational processes. Primary response genes typically function in stress adaptation, intercellular signaling, and the regulation of secondary responses (Abel and Theologis, 1996; Hill and Treisman, 1995) .
TvQR1 and TvQR2 transcripts reached maximal levels a few hours after induction with DMBQ and returned to preinduced levels by 24 h post-treatment. When T. versicolor roots were pretreated with dicumarol, transcript levels after 2 h DMBQ exposure were higher than observed following treatment with DMBQ alone. Electrophilic toxins transcriptionally induce DT-diaphorases through redox mechanisms related to their electrophilic potential as Michael acceptors (Talalay et al., 1988) . The enzymes in turn reduce and inactivate the inducers (Prestera et al., 1993) . The downregulation of TvQR1 and TvQR2 in Triphysaria roots may be related to a similar control mechanism.
TvQR1 is related to a family of NAD(P)H-dependent quinone oxidoreductases that produce semiquinone radicals through univalent quinone reductions. These enzymes, or related ESTs, have been identi®ed in plants, animals and microbes Rao et al., 1997; Thorn et al., 1995) . They catalyze the reduction of several natural quinones, including benzoquinones, methylbenzoquinones and orthoquinones. Electron paramagnetic resonance spectroscopy indicates the presence of a semiquinone intermediate (Rao et al., 1992) . Mammalian z-crystallins and the Arabidopsis P1-ZCr also catalyze the reduction of ferricytochrome c to ferrocytochrome c, a reaction not typically catalyzed by divalently reducing enzymes (Mano et al., 2000) . Therefore TvQR1-like enzymes catalyze single-electron reductions, while TvQR2-like enzymes catalyze twoelectron reductions.
z-crystallins have been ascribed two functions in autotrophic plants. The Arabidopsis z-crystallin confers enhanced tolerance to diamide, a thiol-oxidizing agent, in yeast mutant in yap1, a transcription factor that activates stress and antioxidant response genes Kushnir et al., 1995) . At least under these conditions, plant z-crystallin homologs contribute to detoxi®cation. Another plant z-crystallin homolog, TED-2, is expressed during early development of tracheary elements in Zinnia elegans (Demura and Fukuda, 1994) . Since vascular development is associated with programmed cell death, it has been proposed that TED-2 may contribute to oxidative stress-mediated apoptosis (Gagna et al., 1998) .
Transcriptional activation of TvQR1 in roots by DMBQ treatment was restricted to the parasitic species. The speci®city of TvQR1 induction to parasites suggests roles in haustorium formation. The generation of semiquinone radicals by univalent quinone reductions may trigger signal transduction pathways leading to haustorium development. Many biological processes are under redox control, including DNA replication, transcription, translation, hormone reception, phototropism and defense responses (Allen, 1993; Huala, 1997) . Alternatively, semiquinone radicals and associated reactive oxygen intermediates may play a more direct role in early haustorium development, such as by causing lipid peroxidation and membrane damage. The earliest morphological events detected after exposure of Triphysaria to DMBQ are cortical cell swelling and epidermal hair elongation. These early events may in part re¯ect the action of excessive reactive radicals produced by overexpression of TvQR1. In either case, the induction of a univalent reducing quinone oxidoreductase by DMBQ and other haustoriuminducing factors may be a critical developmental step distinguishing haustorium-forming parasitic plants from non-parasitic autotrophs.
Similarity phylograms showed that TvQR1 homologs in Arabidopsis were more similar to homologs in non-plant organisms than they were to other Arabidopsis family members. A different conclusion was reached from the TvQR2 trees which showed that different quinone oxidoreductases within plants were more similar than between plants and animals. One explanation is that homologs in distinct TvQR1 clades share different functions from those in other clades. In this model, the closely related quinone oxidoreductase homologs in Arabidopsis, Mycobacterium and humans may serve similar functions that are distinct from quinone oxidoreductases on other clades. It seems reasonable that enzymes capable of generating reactive radicals could be used for many biological functions.
Like other organisms, parasitic plants use divalent reduction mechanisms to detoxify quinones abundant in the rhizosphere. In addition, parasitic plants have used the potentially dangerous semiquinone radicals to initiate haustorium development, an organogenic program that enables the parasite to switch from autotrophic to heterotrophic growth. These plants have been able to conscript rhizosphere toxins for their bene®t.
Experimental procedures
Materials
Seeds of Triphysaria versicolor, Triphysaria pusilla, Triphysaria eriantha, Castilleja foliolosa, Scrophularia californica and Mimulus aurantiacus were collected from ®eld-grown plants at various sites in northern California. Lindenbergia muraria seeds were obtained from Dr M. Hjetson (Uppsala University, Sweden). Specimen vouchers are maintained at the Herbarium of the University of California, Davis, USA.
2,6-dimethoxybenzoquinone (DMBQ) was obtained from Pfalz and Bauer Inc. (Waterbury, CT, USA). 2,6-dimethylbenzoquinone, 2-methyl-1,4-naphthoquinone (menadione), 5-hydroxy-1±4 naphthoquinone (juglone), dicumarol and Cibacron blue were obtained from Sigma-Aldrich (St Louis, MO, USA).
Root treatments
Seeds were surface sterilized and germinated in agar media as previously described (Delavault et al., 1998) . Seedlings 2 weeks old were transplanted to fresh media and grown at 25°C for 10 days at a near-vertical orientation so that the roots grew down along the surface of the agar. Root tips were treated with 2 ml of the appropriate quinone or mock treatment, and kept horizontal for 2 h. The plants were then returned to 25°C and further incubated for 24 h, at which time haustoria were scored.
Alternatively, 5 mm sections of root tips were cut off at various times and frozen in liquid nitrogen for subsequent RNA isolations.
For the cycloheximide experiments, root tips were ®rst exposed to 20 mg ml ±1 cycloheximide for 40 min prior to adding 10 mM DMBQ. The quinone reductase inhibitors dicumarol and Cibacron blue were applied at varying concentrations to Triphysaria roots 10 min prior to DMBQ exposure.
Northern and Southern hybridizations
The root tips were ground in liquid nitrogen and RNA extracted as described (Pawlowski et al., 1994) . Genomic DNA for Southern blots was isolated from single plants as described (Rogers and Bendish, 1988) . Total RNA was denatured in DMSO/glyoxal, separated on 1.4% agarose gels (Sambrook et al., 1989) and blotted onto Hybond N+ nylon membrane according to the recommendations of the manufacturer (Amersham, Arlington Heights, IL, USA). The blots were hybridized in 6.7% SDS, 6.7 Q SSPE at 65°C. Probes were radiolabeled by random priming. The same hybridization conditions were used for the Southern blots.
cDNA clones were obtained from T. versicolor root tips 2±5 h after treatment with DMBQ, as described elsewhere (M. Matvienko, M. Torres and J.I. Yoder, unpublished results). DNA for hybridization probes were PCR ampli®ed from cDNA clones. The 5¢ untranscribed sequences of TvQR1 and TvQR2 were obtained from T. versicolor genomic DNA using the Genome Walker kit (Clontech, Palo Alto, CA, USA; Siebert et al., 1995) .
Sequence analyses
Nucleic acid sequencing was carried out using an Applied Biosystems 377 (PE Applied Biosystems, Foster City, CA, USA) at the Plant Genetics Facility at the University of California, Davis. Overlapping sequences were identi®ed and contigs developed using SEQUENCHER software (Gene Codes Co, Ann Arbor, MI, USA). Sequence homologies were identi®ed using BLAST searches of the GenBank database accessed through the National Center for Biological Information (Altschul et al., 1997) .
Amino acid similarity calculations were carried out with the GCG WISCONSIN package version 10 run on SEQWEB version 1.1 (Devereux, 1999) . Amino acid similarity calculations employed the GAP program using the blosum62 scoring matrix with a gap creation penalty of 8 and a gap extension penalty of 2. To determine the evolutionary distances between proteins, the amino acid sequences were ®rst aligned using PILEUP and then non-homologous gaps at the ends of the sequences removed. The evolutionary distances between aligned sequences were determined with the DISTANCES software using the Jukes±Cantor distance correction. GROWTREE created the phylogenetic tree using the unweighted pair group method with arithmetic mean algorithm.
